An objective method for the analysis of tissue section is described that uses the chemical composition of the tissue, rather than cell morphology, as an indicator for the state of health of the cells in the tissue. The chemical composition of cells and tissue, and small variations therein, are determined by an objective, quantitative spectral measurement carried out in the infrared spectral region. This method does not utilize any stains or chemical treatment of the sample, but uses an inherent optical property of all materials. The spectral information is converted to false color images by unsupervised mathematical methods. The false color maps reveal the same anatomical features of the tissue that can be confirmed using a variety of common histopathological procedures, and may be used to differentiate between normal and diseased areas of the tissue.
Introduction
A new imaging technology, infrared spectral mapping (ISM), has recently been applied to obtain images of human cells and tissue (1) (2) (3) (4) (5) . ISM is a novel technique, which has not yet been widely applied in biomedicine; in contrast, the parent technique, infrared (absorption) spectroscopy, is a well-established analytical method used in a variety of applications, including pharmaceutical and non-cellular biomedical research.
The underlying principle of absorption spectroscopy is the interaction of light and matter, given by equation 1: A(λ) = log [ Io(λ)/I(λ) ] = e(λ) C l
[1]
Here, e(λ) and A(λ) are the wavelength-dependent molar extinction coefficient and absorption, respectively. Io(λ) and I(λ) are the incident and transmitted intensities at wavelength λ, C is the concentration of the absorbing species in mol/L, and l is the thickness of the sample (the pathlength the light travels in the medium). A(λ) is a unitless quantity, also referred to as the optical density, OD. ε(λ) is commonly expressed in L mol -1 cm -1 .
In (IR) infrared spectroscopy, the electromagnetic radiation causes excitation of molecules, or groups within molecules, into more highly excited vibrational states. The infrared spectrum exhibits enormous structural sensitivity and specificity of IR spectroscopy. In principle, every molecule has its own distinct infrared signature that is often referred to as a spectral fingerprint. For a molecule of N atoms, an infrared spectrum consists of 3N-6 allowed vibrational transitions, observed at wavelength between 2.5 and 25 µm, and produces a rich spectral pattern.
In IR spectroscopy, the inverse of the light's wavelength is traditionally used as an indicator of the "color" of light:
and equation 1 is written as
ν is expressed in waves per cm, or wavenumber (cm -1 ) , and is used, rather than the wavelength, since the wavenumber is directly proportional to the photon energy. Therefore, the wavelength range of 2.5 -25 µm (the mid infrared spectral region) corresponds to 4000 to 400 cm -1 .
In general, infrared spectra are observed via interferometric measurements and transformed to the desired spectra by a mathematical procedure known as Fourier transform (6). This step has lent its name to the experimental procedure, which is commonly known as Fourier transform infrared (FT-IR) spectroscopy. The principle advantage of FT over other methods of data acquisition is the enormous increase in speed and sensitivity of the measurement (6). Turnkey FT-IR instruments have been offered since the early 1970's, and are considered an integral component in any analytical laboratory.
In infrared microspectroscopy, (IR-MSP, also known as infrared microscopy), a Fourier transform infrared (FT-IR) spectrometer is coupled to an infrared microscope (7). The IR beam probing the sample is focused at the microscope's focal plane. The spatial resolution achievable is determined by the diffraction limit, about 1 / 2 of the wavelength of the infrared radiation. Thus, the spatial resolution is limited to 1.25 µm at 4000 cm -1 and 12.5 µm at 400 cm -1 A variable size aperture is used to define the area from which the spectrum is collected. Smaller apertures correspond to better spatial resolution, and consequently, to a higher discrimination of one object from its neighboring objects. For standard IR-MSP, the low limit of spatial resolution is dictated by arguments of practicality to about 20 x 20 µm 2 . At this spatial resolution, it is possible to observe infrared spectra of large individual human cells (>20 µm), or small sections of tissue. Since the infrared spectrum measures chemical composition of the sample, variations of several chemical and biochemical components in cells and tissues can be observed and quantified simultaneously.
The microscope stage of an infrared microspectrometer is computer interfaced to allow scanning of the stage in a raster pattern in increments of a few micrometers. By collecting an infrared spectrum at each of the sampling points (pixels), it is possible to acquire infrared spectral maps (ISM) for microtome tissue sections obtained from biopsy samples (8, 9) . The step size of the stage motion, and the aperture size selected, determine the spatial resolution of the infrared spectral map. In this context, the spatial resolution is comparable to the magnification in visible microscopy, in that it determines the smallest object that can be distinguished by its spectral patterns. In order to obtain best spatial resolution, some of the experiments reported in this contribution were carried out using an infrared beam line at the National synchrotron Light Source (NSLS) at Brookhaven National Laboratories. In an alternative method of mapping, the sample is left in a fixed position, and spatial information is obtained by utilizing an array detector, instead of the single detector described above. Array detectors typically contain 4096 (64 x 64) elements, and thus, permit the simultaneous imaging of tissue areas.
A spectral data set, collected as described in the previous section, typically consist of between 1000 and 4000 infrared spectra collected from individual pixels. Such a large number of spectra cannot be analyzed visually for small variations in the spectra; in particular, since the spectral changes between adjacent pixels may be too small to be detected visually. Thus, the similarities of, or differences between the spectra are determined by well-established mathematical procedures, and expressed as a "distance", or degree of relatedness of the spectra. These distances are subsequently converted into a two-dimensional false color representation similar to false color maps constructed from remote sensing satellites. This can be accomplished by methods of multivariate analyses. In one of these, unsupervised cluster analysis (8, 9) , the distance criterion between spectra is used to merge the most similar spectra into clusters, or classes of spectra (8). The process of merging spectra or clusters into new clusters is repeated until all spectra have been combined into a few clusters. For cluster analysis-based imaging, all spectra in a cluster are assigned the same color. In the false color maps the assigned color for each spectral cluster is displayed at the coordinates at which each pixel was collected.
The main advantage of IR-MSP and ISM over other microscopic techniques, such as fluorescence or visible microscopy, is that no probe groups (such as stains, antibodies conjugated to dyes or fluorescent markers) are required to detect specific changes in cells and tissues. Instead, infrared spectroscopy monitors at the same time the inherent spectral signatures of all the cellular components. Therefore, one data set can be analyzed for a number of different components.
Materials and Methods
Prostate biopsy tissue samples were obtained from the Department of Pathology at Bellevue Hospital/New York University (New York, NY) after routine formalin fixation and paraffin embedding. The colon samples were obtained from the Department of Pathology, Charité Medical Faculty of the Humboldt University in Berlin, Germany, and were quick-frozen surgical specimens. A 4 µm tissue section was cut and mounted on a glass slide and stained with hematoxylin and eosin (H&E). Next, a 6 µm thick tissue section for IR analysis was cut and mounted on a calcium fluoride or barium fluoride window. This prostate tissue section was deparaffinized, re-hydrated and allowed to air dry as previously described (10) . Additional tissue sections (4 µm thick) were prepared on glass slides for histochemical procedures. Hematoxylin and eosin (H&E) staining was performed according to standard methods (11).
IR-MSP were collected on a Bruker Optics (Bruker, Billerica, MA) IRscope2 at Hunter College, equipped with a liquid nitrogen cooled HgCdTe detector, connected to a Bruker Vector 22 FT-IR spectrometer. Measurements were made in transmission mode, using a 36x Cassegrain objective. The area per pixel is about 40 x 40 µm 2 . Data were also collected using a HgCdTe focal plane array (FPA) imaging system (HYPERION), consisting of an IRscope II infrared microscope and an IFS 66 step-scanning FT-IR spectrometer in the Bruker application laboratory in Rheinstetten, Germany. Here, a 15x Cassegrain objective was used, and the area imaged onto each detector element was about 6 x 6 µm 2 . Data were collected at 6 cm -1 spectral resolution.
Raw data were manipulated by software developed in house, which performs spectral quality testing, baseline correction, smoothing, normalization and eventually cluster analysis as discussed above. The cluster analysis was carried out on derivative spectra. Analysis of derivative spectra is extremely sensitive to minute changes in band position, or the emergence of small shoulders, in the spectra. The methods to construct the spectral maps have been described in detail (8, 9) .
Results and Discussion

Spectral patterns of major cellular components
In general, infrared spectra of cells and tissue are dominated by the spectrum of various proteins, which constitute about 60 % of a cell's dry weight. Typical protein spectra, and a designation of the spectral regions, are shown in Figure 1 , traces A-C. Trace C depicts the infrared spectrum of a protein that is predominantly α-helical (human serum albumin), whereas trace B is the spectrum of a protein with mostly βsheet structure (chymotrypsin). These two spectra differ sig- nificantly in the frequency of the amide I vibration (box 1), and exhibit different spectral patterns in the amide III region, from 1200 -1330 cm -1 (box 3). Most metabolic proteins contain significant contributions of helical, loop and sheet motifs; consequently, the infrared spectra observed for metabolic proteins fall in between the spectra shown in traces C and B. Connective tissue, on the other hand, exhibits spectral features dominated by collagen ( Figure 1A) , which are easily distinguished from those of other proteins.
Infrared absorption spectra of DNA and RNA are shown in Figure 1 , traces D and E. The most prominent features are the symmetric and antisymmetric phosphate stretching vibrations (boxes 6 and 5, respectively), and the stretching vibrations associated with the aromatic bases, box 4. The spectrum of a typical phospholipid is shown in Trace 1F. This spectrum also shows the phosphate vibrations, but the ester group that connects the fatty acid tail groups to the head group shows a distinct C=O stretching vibration above 1730 cm -1 . Finally, Figure 1 , trace G shows the spectra of a car-bohydrate (glycogen), which is found frequently in liver as well as in cervical tissue. Figure 2A shows a photomicrograph of an H&E stained cross section through the mucus membranes of the large intestine. The lower left corner consists of obliquely sliced tubular solitary glands, or crypts, embedded in the lamina propria mucosae. To the right of this area, on a diagonal between the 9 and 6 o'clock positions, the lamina muscularis mucosae can be seen. Adjacent on the right is a large area of submucosa shown in the dark purple stain. Areas in the upper right corner represent a well-differentiated adenocarcinoma. Figure 2B shows a spectral map obtained as described above. This spectral map shows the glandular (goblet) cells lining the crypts in dark blue, and the normal lamina propria mucosae in a lighter shade of blue. The lamina muscularis mucosae, in light blue, is clearly distinguished from the lamina propria mucosae; in addition, blood or lymphatic vessels are visible and shown in yellowish green. The submucosa is shown in red and orange hues, and superimposes nearly exactly with the dark purple areas of Figure 2A .
Infrared Spectral Maps of Colon Tissue
Most interesting are the areas of the well-differentiated tumor. The layer of epithelial cells in the tumor (at the 11, 1 and 4 o'clock positions), shown in dark blue, is spectrally indistinguishable from the normal layer of the crypts at the lower left corner; however, the surrounding tissue, shown in light brown, is spectrally quite distinguishable from the normal lamina propria mucosae. This light brown area also exhibits quite intense nuclear staining properties in Figure  2A , and may consist of a mixture of epithelial cells and the lamina propria mucosae.
The spectral map shown in Figure 2B was obtained, as were all spectral maps shown in this contribution, in a totally blind and unsupervised manner. Thus, the distinction between the different tissue types, and the different state of disease, are due to an inherent spectral property that ISM detects. The spectral differences responsible for this spectral map, however, are so minute that they barely can be detected in the original spectra. Yet, methods relying on the mathematical analysis of the spectra can produce spectral maps with high reliability and information content.
A further example of spectral differentiation within colon tissue is shown in Figure 2C and D. Figure 2C shows an H&E stained tangential section through the mucous membrane of the large intestine. In this section, the crypts appear as circular structures lined with goblet cells, embedded in a matrix of lamina propria mucosae. The central space inside the crypts, known as the lumen, contains the mucous secretions of the goblet cells, which appears as the red areas in the infrared spectral map, Figure 2D . The epithelial cells appear as orange regions. The yellow regions appear where the nuclei of the epithelial cells are located, and may represent regions of high nucleic acid content. The green region, of course, is due to spectral patterns derived from the lamina propria mucosae. The blue areas are due to the endothelial lining of a lymphatic vessel. Thus, this Figure demonstrates the excellent discriminatory power of infrared spectroscopy toward various cell and tissue types. Figure 3A displays a H&E stained thin section of excised prostate tissue. In this tissues, regions of prostate adenocarcinoma, as well as regions of prostate hyperplasia and PIN (prostate intraepithelial neoplasia) can be observed. Figure  3B , C and D show enlarged views of this tissue. The approximate areas of the enlarged views are indicated by the three square regions in Figure 3A .
Infrared Spectral Maps of Prostate Tissue
Infrared spectral maps of these areas are shown in Figures 3E,  F and G. The infrared spectral maps were collected from an unstained section of tissue that was adjacent to the tissue section shown in Figure 3A . This tissue section was stained after infrared spectral data acquisition, using standard procedures. The small differences in the anatomical features of the stained images in Figure 3A on one hand, and Figures 3B, C and D on the other, are due to the fact that these sections represent adjacent slices from the original tissue block. Furthermore, the staining of the section used for infrared spectral data acquisition occurred several months after the tissue was sectioned; thus, the H&E stained images show much lower quality than the originally stained and imaged section.
Nevertheless, there are clear distinctions of the tissue types within in the infrared spectral maps. Area 1 in Figure 3A corresponds to a gland completely filled with abnormal epithelial cells. This area represents a typical manifestation of prostatic adenocarcinoma. The black and dark brown areas in Figure 3E contained too little tissue to permit an unambiguous spectral analysis. The purple areas correspond to fibromuscular connective tissue, while the orange areas correlate well with the densest centers of cancerous epithelial cells. The blue and green regions are areas of epithelial cells and mixtures of non-nuclear cellular materials.
Region 2 in Figure 3A shows the end of a gland partially filled in with epithelial cells. This region is shown enlarged in the left part of Figure 3C . The gland on the right in Figure  3C is also visible in region 2 (above the partially filled gland). In Figures 3A and C the tissue architectural differences between two adjacent section becomes clearly appar-ent. The partially filled gland, shown in the spectral map of Figure 3F , exhibits cells (shown in green) that are either due to hyperplasia or prostatic intraepithelial neoplasia (PIN). In this spectral map, areas with most nuclei are shown in dark red. A thin layer of such red areas is also visible on the gland at right; however, the yellow areas of the gland at right differ spectrally from the ones shown in green in the gland at left. The layer of epithelial cells in gland at right is much thinner than in the gland at left. Thus, infrared spectral imaging can distinguish the two different cell types lining these two glands. Both glands are embedded in connective tissue, shown in purple.
Similarly, in Figure 3G areas of dense nuclear staining are shown in orange, whereas the thickening layer of epithelial cells is shown in purple. Connective tissue is shown in light blue and brown colors. Areas of green color correspond to connective tissue in the vicinity of acini filled with cells, and might represent changes in the connective tissue due to cancerous cells close by.
As pointed out before, the infrared spectral maps were obtained in a totally unsupervised manner before the stained tissue sections were available. Due to the unsupervised nature of the data analysis, the color schemes of Figures 3E, F and G are different, and cannot compared to each other. Furthermore, it is not clear, at this point, what the spectral differences are that give rise to the color maps shown. However, model studies, to be discussed next, have shown that the nucleic acid: protein ration varies between normal and rapidly dividing cells. Furthermore, in glycogen-storing cells such hepatocytes, the increased metabolic activity of cancer cells may be accompanied by a decrease in stored glycogen, which can be easily monitored by infrared spectral means.
The results presented here were selected to demonstrate that unsupervised algorithmic methods can distinguish between different tissue types, and between normal and abnormal tissue areas. Although the unsupervised methods have many advantages (for example, that no operator input is required), they are too time consuming and not suitable for diagnostic purposes, because they compare spectra within a data set, rather than with spectra from an established database. However, these methods demonstrate that such a database can be constructed once the spectra in an image are compared to a detailed histopathological diagnosis of the tissue section.
Biochemical interpretation of spectra differences
Among the tissue types studied to date, increased spectral contributions of nucleic acid have been reported between normal and cancerous samples for cervical (3, 12) , breast (13), prostate (14,15) and liver tissue (8, 16, 17) , as well as for isolated lymphocytes and leukocytes (18, 19) . In the case of liver tissue, enzymatic digestions were carried out to demonstrate that the differences were, indeed, due to increased spectral contributions of DNA (17). However, the increased DNA infrared signals are not specific for cancerous tissue, but have been shown to occur as well during certain phases of cell growth and division.
We have recently obtained spatially resolved maps of individual cells. These results show that the spectra of cytoplasm and nucleus depend on a number of factors that need to be considered when interpreting data. In cells pyknotic nuclei, e.g., from surface layer epithelial cells, the spectra of both the cytoplasm and nucleus are totally dominated by the spectral patterns of protein (20), and no DNA spectral contributions are observed from the nucleus. We have interpreted this fact in terms of "infrared hypochromism" of DNA, caused by such a high degree of condensation of the DNA that it becomes opaque to infrared radiation (21). In active or dividing cells, however, the nucleus exhibits distinct DNA signals, which appear to originate from much less concentrated states of DNA.
Recent infrared spectral maps of skin fibroblasts and giant sarcoma cells, for example, have demonstrated that large nucleic acid signals are observed from the nucleus and the cytoplasm of actively dividing cells. The spectra from the nucleus are typical of DNA spectral contributions, whereas the spectra from the cytoplasm are more in line with RNA spectral patterns. Thus, it will be possible to differentiate spectra from the nucleus from those of the cytoplasm even in dividing cells.
Conclusions
We present here images of tissue sections that were obtained using a novel and objective imaging methodology for the identification of tissue types, and the detection of disease.
Recent progress in the instrumentation for the collection of ISM data, algorithmic developments for image construction, and an overall understanding of the sensitivity of and specificity of infrared spectral methods have contributed enormously to this field which may become a valuable auxiliary tool for the dia nosis of tissue specimens.
